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Abstract: OBJECTIVES The purpose of this in vitro study was to evaluate the fracture resistance
and failure modes of endocrowns made of three computer-aided design/computer-aided manufacturing
(CAD/CAM) materials subjected to thermo-mechanical cycling loading. MATERIALS AND METHODS
Eighty mandibular molars were divided into four groups (n = 20): one (C E) was restored with lithium
disilicate glass-ceramic conventional crowns, three were restored with endocrowns made of three different
CAD/CAM materials; (E E) lithium disilicate glass-ceramic, (E V) zirconia-reinforced lithium silicate
glass-ceramic, and (E C) resin nano-ceramic. After cycling loading, half of the samples from each group
were loaded axially and the other half was loaded laterally. Fracture resistance was recorded in Newton
(N) and failure modes were classified. Two-way ANOVA, Bonferroni post hoc (฀ = .05), Chi-square, and
multiple logistic regression tests were used to analyze data. RESULTS Statistically significant interaction
were recorded between fracture resistance (N) and loading (P < .001), and groups (conventuional crown
and endocrowns; P < .001). Endocrowns presented higher fracture strength than conventional crowns.
Fracture resistance was significantly larger under axial loading. The numbers of irreparable failures were
extremely important in the endocrowns groups (Groups E E, E V, E C), and only conventional crowns
(Group C E) showed almost no irreparable failures under axial loading. CONCLUSION Lithium disil-
icate glass-ceramic recorded the highest fracture resistance under axial and lateral loading. CLINICAL
SIGNIFICANCE The number of irreparable failures with all endocrown materials tested do not suggest
yet the use of this type of restorations in posterior teeth.
DOI: https://doi.org/10.1111/jerd.12486
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Objectives: The purpose of this in vitro study was to evaluate the fracture resistance and failure 
modes of endocrowns made of three (CAD/CAM) materials subjected to thermo-mechanical 
cycling loading. 
Materials and Methods: Eighty mandibular molars were divided into four groups (n = 20): one 
(C E) was restored with lithium disilicate glass-ceramic conventional crowns, three were restored 
with endocrowns made of three different CAD/CAM materials; (E E) lithium disilicate glass-
ceramic, (E V) zirconia-reinforced lithium silicate glass-ceramic, and (E C) resin nano-ceramic. 
After cycling loading, half of the samples from each group were loaded axially and the other half 
were loaded laterally. Fracture resistance were recorded in Newton (N) and failure modes were 
classified. Two-way ANOVA, Bonferroni post-hoc (α = 0.05), Chi-square, and multiple logistic 
regression tests were used to analyze data.   
Results: Statistically significant interaction were recorded between fracture resistance (N) and 
loading (P < 0.001), and groups (P < 0.001). Endocrowns presented higher fracture strength than 
conventional crowns. Fracture resistance was significantly larger under axial loading. The numbers 
of irreparable failures were extremely important in the endocrowns groups (Group E E, E V, E C), 
and only conventional crowns (Group C E) showed almost no irreparable failures under axial 
loading. 
Conclusion: Lithium disilicate glass-ceramic recorded the highest fracture resistance under axial 
and lateral loading .   
Clinical Significance: The number of irreparable failures with all endocrown materials tested do 
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1  /  INTRODUCTION  
The rehabilitation of endodontically treated molars (ETM) with extensive coronal destruction 
remains a controversial topic in reconstructive dentistry.1 The most frequent causes for diminution 
in fracture resistance of (ETM) are the wastage of tooth tissue accompanied with trauma, decay, 
existing restoration, and wide cavity preparation.2 In addition,  the desiccation and biomechanical 
changes in the dental tissues3 result in restraining the sensory feedback during peak loads.4 
Selection of restoration designs and materials should be capable to substitute the loss of tooth 
structure in order to ensure esthetics, marginal seal, mechanical, and functional characteristics.5,6 
Many studies have notified that restoring ETM with posts can improve the retention of the 
overlying crowns,7-9 but may weaken the residual teeth tissues and increase the risk for accidental 
root fracture.8,9 Advances in adhesive systems, dental materials,  and  Computer-Aided Design / 
Computer-Aided Manufacturing (CAD/CAM) technologies10-12 reduced the need of posts to 
restore the ETM and have resulted in new restoration design, which is more conservative and 
avoids failures of post space preparation like endocrown restoration.13,14 Endocrown was proposed 
by Pissis in 1995,15 it constructs the core structure and the crown as a monoblock restoration, 
covers the occlusal surface, and extents into the pulp chamber.15,16 Endocrown uses the axial walls 
as macromechanical retention and the adhesive cementation as micromechanical retention.15,16 
Endocrowns are indicated in cases of short crown, limited interocclusal space, and sufficient tooth 
substance especially enamel.17,18 They are also an alternative in cases of root complexes like 





In comparison with the traditional treatment, all ceramic endocrowns have the advantages of good 
mechanical properties, high biocompatibility, good esthetics, preservation of the remaining tooth 
structure, and saving time.10,20-22 The available literature has reported that molars restored with 
endocrowns had good clinical performance23-28 and they showed higher fracture resistance than 
molars restored with fiber post and conventional crowns.14,29,30 Some studies discussed the effect 
of different preparation shapes on the success of endocrown restorations like ferrule height25,31 or 
pulp chamber extension.26,28,32 Other studies discussed the effect of the materials factor: ceramic-
based or resin-based.11,21,24,33 Taking into consideration the influence of materials on the 
performance of endocrowns.23 More researches are needed in order to help dentists selecting the 
appropriate materials, which have biomechanical properties similar to those of natural teeth. 
The aim of this in vitro study was to evaluate the fracture resistance and failure modes of 
endocrowns using three different CAD/CAM materials: Lithium disilicate glass-ceramic (LDS), 
zirconia-reinforced lithium silicate glass-ceramic (ZLS), and resin nano-ceramic (RNC); and to 
compare the results with control group which were restored with glass fiber post, composite core 
and (LDS) crown, under axial and lateral loading. The two null hypotheses were (1) that the type 
of material, the type of restoration (conventional crown or endocrown) and the direction of load 
would not affect the fracture resistance; and (2) that the type of material, the type of restoration 
(conventional crown or endocrown) and the direction of load would not affect the failure modes. 
2  /  MATERIALS AND METHODS 
This research was approved by an ethical committee. Eighty sound extracted mandibular molars 
with nearly similar size, free of decays or cracks, with complete roots and crowns morphology 
were chosen for this study. Teeth were preserved in 0,5% chloramine solution at 10°C. A 





(ProTaper Universal; Dentsply Sirona, USA) and irrigation solution NaOCl (5.25%). The 
obturation of the root canals was performed with the hot condenser system B (Sybron Endo; Henry 
Schein, Inc, Germany), gutta percha (Calamus Dual; Dentsply Sirona, USA), and root canal sealer 
(AH 26; Dentsply Sirona, USA). Using cylindrical metallic molds and dental surveyor (Marathon-
103; Seayang, Korea), each tooth was embedded vertically in auto-polymerizing acrylic resin 
(Fastray; Harry J. Bosworth Co, Skokie, USA), 2 mm below the cemento-enamel junction (CEJ) 
to simulate bone level. Specimens were separated into eight groups (n = 10) according to type of 
restorations, materials used, and direction of loading. This sample size showed a statistical power 
of 80% (G*Power 3.1.9.2).33 The distribution of groups is listed in Figure 1. The materials used, 
types, brands, chemical compositions and modulus of elasticity11,21,24,33 are listed in Table 1.  
In the endocrown groups, flowable resin composite (G-ænial Universal Flo; GC Corp, 
Europe) was used to cover the undercut areas and fill the entrance of the canals. In the control 
groups and according to manufacturer’s instructions; glass fiber posts (GC Fiber Post # 1.2 mm; 
GC Corp, Europe) were cemented in the distal root canals, using 37% phosphoric acid (GC Etching 
Gel; GC Corp, Europe), silane (G Multi-PRIMER; GC Corp, Europe), bonding agent (G-premio 
BOND; GC Corp, Europe), dual cure activator (DCA; GC Corp, Europe), and dual-cure adhesive 
resin cement (G-CEM LinkForce; GC Corp, Europe). Then, the cores were built up using the same 
bonding system and resin composite (G-ænial posterior; GC Corp, Europe).  
A standardized teeth preparation for all groups was performed under water spray, with the 
help of dental lab parallel surveyor (Marathon-103; Seayang, Korea) and 8° tapered diamond bur 
(No.856; Intensiv SA, Switzerland). Conventional crown groups were prepared, with a 1 mm 
chamfer finish line at the CEJ, 2 mm ferrule, 2 mm occlusal reduction, and 8° axial wall inclination. 





convergence of 8°angled following the pulp chamber morphology. The pulpal floor was flattened 
keeping a preparation depth of 4 mm. All the internal angles were rounded and smoothened by 
polishing diamond bur (No.504; Intensiv SA, Switzerland). 
Digital scanning was performed for all specimens using powder-free intraoral camera 
(TRIOS 3; 3 Shape A/S, Germany). Acquired data was saved as eighty standard tessellation 
language (STL) files and transferred to CAD software (2017; 3Shape Dental System, Germany), 
which was applying to make similar anatomy design of all restorations on the virtual models. These 
STL files and 14-size CAD/CAM blocks were utilized to mill all restorations, under wet processing 
with a 5-axis milling machine (Coritec 250i; Imes-Icore GmbH, Germany). IPS e.max CAD and 
Vita Suprinity blocks were subjected to crystallization firing (Vita Vacumat, 6000 M, Vita 
Zahnfabrik GmbH, Germany) to impart their final esthetic and mechanical properties, while 
Cerasmart blocks were finished utilizing GC polishing kit.  
Before cementation, all restorations were fitted on their corresponding teeth, cleaned and 
dried. Following the suggestions of the manufacturer, 5% hydrofluoric acid gel (IPS Ceramic 
Etching Gel; Ivoclar Vivadent AG, USA) was applied on the intaglio surfaces of the restorations 
for 20 seconds on IPS e.max CAD and Vita Suprinity restorations, and for 60 seconds on Cerasmart 
restorations to create micromechanical retention, then the restorations were rinsed off with forceful 
water spray for 20 seconds. A thin layer of silane agent (G Multi-PRIMER; GC Corp, Europe) was 
applied and left for 60 seconds to create a durable chemical bond. The recipient teeth were etched 
by applying 37% phosphoric acid (GC Etchant Gel; GC Corp, Europe) for 30 seconds on the 
enamel tissue and for 15 seconds on the dentin tissue, rinsed and dried with forceful water spray 
for 20 seconds. The bonding agent (G-Premio BOND, GC Corp, Europe) was applied on the 





Dentamerica, Inc, USA) for 10 seconds. The restorations were lutted using the dual-cure adhesive 
resin cement (G-CEM LinkForce; GC Corp, Europe), all restorations were seated on the 
corresponding prepared teeth, followed by brief light curing for 1-2 seconds to remove the excess 
of cement, then each surface was photopolymerized for 40 seconds. Samples were kept in distilled 
water at 37°C. 
All samples were thermocycled (Thermocycler; Willytec, Germany) between 5°C and 
55°C for a total of 3000 cycles, transfer time between the 2 baths was 5 seconds and the dwell time 
at each bath was 30 seconds. Mechanical loading was performed simultaneously in a linear dual-
axis chewing device  (CS – 4.2; Mechatronik GmbH, Germany) in a range of 5 mm of vertical 
movement and 0,5 mm of lateral movement, by applying axial loading force of 50 N and a 
frequency of 1.6 Hz in the center of the occlusal surfaces, with a satinless steel ball (diameter of 4 
mm) for 300,000 cycles.34,35 Samples were examined after aging using the stereomicroscope 
(Amscope 3.5; Irvine, USA), all samples survived the chewing simulator. Universal testing 
machine (Treviolo; Matest Spa, Italy), with a 3-mm diameter stainless steel ball, at a cross-head 
speed of 0,5 mm/minute, was used to perform the fracture test. Half of the samples from each 
material were vertically loaded on the center of the occlusal surface (axial loading). While the 
other half were mounted in a metallic fixation device and loaded under lateral force on the interface 
tooth-restoration, parallel to the occlusal surface (lateral loading).6,33 The maximum force of 
fracture was recorded in newton (N). All specimens were analyzed using a stereomicroscope 
(Amscope 3.5; Irvine, USA) and scanning electron microscope SEM (AIS 2100; Seron 
technologies, Inc, Korea) (Figure 2), the failure modes were classified according to the description 





Fracture resistance outcomes were normally distributed. Two-way ANOVA test was used 
to compare mean fracture resistance between the four study groups (conventional crown and 
endocrowns) by loading type (axial and lateral), followed by reporting of simple main effects for 
group and loading type since there was a significant interaction effect between the two factors. 
Bonferroni adjusted post-hoc tests were used to assess differences between the four groups. Chi-
square tests were used to test the association between failure modes (repairable versus irreparable) 
and each of group and loading. Multiple logistic regression was used to model fracture mode as a 
multivariate outcome (types I–V) to assess the effects of group and loading simultaneously. 
Relative risk ratio, Robust standard error, 95% confidence interval and two –sided P values were 
reported. The IBM® SPSS® statistics 20.0 statistical package and Stata MP/13.0 were used to carry 
out all statistical analyses. Statistical significance was set at 0.05. 
3  /  RESULTS 
Mean fracture resistance (N) levels ranged between 1347 (group C E) and 2914 (group E E) under 
axial loading and between 788 (group C E) and 1516 (group E E) under lateral loading (Table 3). 
There was a statistically significant interaction between fracture resistance and loading (P < 0.001). 
The simple main effects for loading were all statistically significant (P < 0.001; Table 3), fracture 
resistance being significantly larger under axial loading. Mean differences in fracture resistance 
(N) between axial and lateral loading ranged between 560 (Group C E) and 1542 (group E C). 
The simple main effects for groups (conventional crown and endocrowns) were statistically 
significant under both axial and lateral loading (P < 0.001; Table 3). Under axial loading, the 
lowest fracture resistance was for Group C E then group E V (P < 0.001) and then groups E C and 
E E (P < 0.001) which were statistically similar to each other (P = 0.395). Under lateral loading, 





respectively), then group E E (P = 0.001). Fracture resistance was similar for groups E V and E C 
(P = 0.733).   
Overall, the majority of failures were repairable, except for the E E group. Under axial 
loading, failure modes III and V were predominant. Lateral loading resulted in a greater 
representation of all failure modes (Figure 3). The largest proportion of irreparable failures was 
present in Group E E under lateral loading (Figure 4). There was no statistically significant 
association between failure modes (repairable versus irreparable) and group (conventional crown 
and endocrowns) (Chi Square = 7.521; P = 0.057) or between failure modes and loading (Chi 
Square = 0.000; P = 1.000). 
Multivariable analysis resulted in a statistically significant model for the effects of loading (axial 
and lateral) and group (conventional crown and endocrowns) on failure mode (Chi2 = 36.78; P = 
0.002; Table 4). The effect of loading was statistically significant only when comparing type IV 
to type III (P = 0.044; Table 4). When comparing lateral to axial loading, the relative risk of 
achieving type IV fracture compared to type III fracture increases by 1.9 times, if the group 
variable is kept constant (within each fixed group). On the other hand, the effect of group on 
fracture mode was statistically significant only when comparing type V to type III. If loading is 
kept constant, the likelihood that a type V fracture occurs compared to a Type III fracture is 2.00 
times for Group E E than for Group C E (P = 0.021; Table 4).  
 
4  /  DISCUSSION 
The purpose of this in vitro study was to evaluate the effect of group (conventional crown and 
endocrowns) and direction of loading on the fracture resistance and failure modes. According to 





loading had a statistically significant effect on the fracture resistance, and had a statistically 
significant effect on the failure modes in selective comparisons.  
Fiber post has similar biomechanical properties to that of dentine allowing better 
distribution of masticatory forces and reduce the risk of root fracture occurred with cast post,9 But 
creating an adequate ferrule may require other intervention like crown lengthening, which may 
alter crown to root ratio and cause wastage of sound tooth tissue.36 In addition, preparation of the 
endocrown conserves tooth structures,37 because it has supragingival margins on peripheral enamel 
without root-canal preparation, enhancing bonding capacity and hygiene control.20  
The clinically relevant factors are that human teeth were utilized in place of metallic or 
plastic specimens cause of their biomechanical and adhesive properties, epoxy resin was used to 
embed the roots of the teeth 2 mm below the CEJ to imitate the bone level, specimens were tested 
under axial and lateral loading to replicate all masticatory forces, thermomechanical cycling 
loading effects were also estimated, preparations were accomplished by one operator on dental lab 
parallel surveyor and precise CAD/CAM system was applied for scanning and milling.  
The static loading test was accomplished by was applying axial force at an angle of 90° 
along the long axis,33 because lateral forces are always accompanied with axial forces during 
chewing function.38 The durability of endocrowns should be studied under compression and shear 
stresses, because the main reason for endocrowns failure is the adhesive failure.6 However, the 
mean fracture forces for all studied samples were above the physiologic occlusal forces reported 
in the literature which vary from 200 to 900 N, and the exclusively lateral forces range in the order 
of 200 N.38 





interaction between fracture resistance and loading (P < 0.001), and between fracture resistance 
and groups (conventional crown and endocrowns) (P < 0.001).  It showed higher fracture 
resistance (N) for endocrowns (E E A = 2914, E E L = 1516) in comparison with conventional 
crowns supported on fiber posts and composite cores (C E A = 1347, C E L = 788). These results 
were in accordance with other studies,14,29,30 which showed that ETT restored with endocrowns 
recorded higher fracture resistance than conventional ceramic crowns retained by posts and cores. 
These results can go back to the difference of construction between the two restorations, 
endocrown has a monobloc nature which can produce less internal pressures than the multi-
interfacial nature of full crown retained by post and core, which has big number of adhesive 
interfaces between distinct materials (ceramic crown/resin core/post/dental tissue).14,30 It can be 
explained too by the different occlusal thickness between the endocrowns and the conventional 
crowns.39Moreover, the endocrown preparation (Circumferential Butt Margin) allows the 
conservation of peripheral enamel, which is a key success in strong adhesion leading to better 
distribution of loading and high fracture resistance 40 .  
The different materials used exposed an effect on the performance of endocrown 
restoration, the results of this study showed that under axial loading, ZLS had the lowest fracture 
resistance (N) (E V A = 2279), while LDS material (E E A = 2914) and RNC (E C A = 2752) showed 
higher fracture resistance and were statistically similar. But under lateral loading, LDS material 
showed the highest fracture resistance (N) (E E L = 1516), in comparison with RNC (E C L = 1210) 
and ZLS (E V L = 1074). These results can be explained by the good adhesive properties and high 
resistance to displacement of LDS ceramic because it is acid-etched; providing micromechanical 
interlocking with the resin cement, as well as adhesion between dental tissue and resin cement.41 





loading.42 On the other hand, the presence of zirconium oxide in ZLS decreases the bond strength 
with the dental surface and concentrates high stress at the endocrown-resin cement-tooth 
interface.18  
The results of this in vitro study were in accordance with other studies,19,33,43,44 which 
showed that LDS had the highest fracture strength, especially under lateral loading. Gresnight et 
al33 assessed the fracture resistance of molar endocrown restorations made of LDS (IPS e.max 
CAD; Ivoclar Vivadent AG, USA) and RNC (Lava Ultimate; 3M ESPE, USA) under axial and 
lateral loading; they recorded no significance difference between LDS and RNC under axial 
loading (2675 and 2428 N) respectively, But LDS recorded higher fracture resistance than RNC 
under lateral loading (1118 and 838 N) respectively. Altier et al43 evaluated the fracture resistance 
on molar endocrown restorations, using LDS (IPS e.max CAD; Ivoclar Vivadent AG, USA) and 
2 kinds of RNC (Solidex; Shofu GmbH and Grandia; GC Corp, Europe) under axial loading; LDS 
recorded too higher fracture strength than RNC (3320, 2222, and 2366 N), for LDS, Solidex and 
Grandia respectively. Taha et al44 presented that the fracture resistance of molar endocrowns made 
LDS (IPS e.max CAD; Ivoclar Vivadent AG, USA) and RNC (Cerasmart; GC Corp, Europe) were 
statistically insignificant (1478 and 1508 N, respectively), and was higher than ZLS (Celtra Duo; 
Dentsply, USA) (886 N).  on the other hand, El Damanhoury et al21 showed dissimilar results and 
reported higher fracture resistance for RNC (Lava Ultimate; 3M ESPE, USA) than LDS (IPS 
e.max CAD, Ivoclar Vivadent AG, USA) on molar endocrowns under lateral loading, (1583 and 
1368 N) for RNC and LDS respectively.  
The failure modes were analyzed using a stereomicroscope (Amscope 3.5; Irvine, USA) 





majority of failures were adhesive-cohesive (type III and V). But under lateral loading, all failure 
modes and the adhesive failure mode (type II) were presented too (Figure 3). The majority of 
failures were repairable (Figure 4), except for LDS (group E E) which had the largest proportion 
of irreparable failures, especially under lateral loading but at loads superior than recorded under 
masticatory function. These results were in agreement with other studies,21,33,43 which were related 
to the difference in modulus of elasticity between the materials. The modulus of elasticity of RNC 
(20 GPa) and ZLS (70 GPa) give them a tendency to bend under loading and dispense strain more 
evenly. But LDS is more rigid and has a high modulus of elasticity (95 GPa), which concentrates 
strain in weak area and results in irreparable fractures.12 Moreover, the lateral forces increase the 
irreparable fracture ratio, because the stresses are accumulated in the cervical area and don’t spread 
along the long axis.22 The effect of loading, or group (conventional crown and endocrowns) on the 
failure modes (repairable versus irreparable) was not statistically significant. The multivariable 
analysis was applied to evaluate the effect of group and loading simultaneously on the failure 
modes, it showed statistically significant effect in selective comparisons only, may be because of 
the limitation in the number of specimens (n = 10). 
The multivariable analysis showed that if loading is kept constant, the likelihood that a type 
V (irreparable) fracture occurs compared to a Type III (reparable) fracture is 2.00 times for Group 
E E than for Group C E (P = 0.021; Table 4). This result can be related to the different preparation 
design and core build up material: cores of the C E group were built up with composite resin, 
following the shape of access cavity; while in the E E group, core was ceramic-based (Monobloc 
endocrown) which has higher modulus of elasticity and extended to 4 mm depth. Increasing the 
extension of the ceramic endocrown into the pulp chamber increase the adhesive surface and the 





presented that LDS endocrown with deeper pulp chamber depth (4 mm) recorded more irreparable 
failure than LDS endocrown with pulp chamber depth (2 mm), while the pulp chamber was 
partially built up with resin composite to leave 2 mm for the LDS endocrown. Furthermore, lateral 
loading focusses more pressure in the CEJ leading to irreparable failure.22  
The direct comparison between studies is limited, the fracture strength and failure modes 
of endocrowns can be influenced by many factors such as: tooth preparation, restoration shape, 
materials used, loading technique (axial or lateral), artificial aging, method of fabrication, and 
luting method. However, this in vitro study didn’t simulate all oral conditions, and has some 
limitations: The size of the groups was limited by 10 samples; three types of CAD/CAM materials 
were only tested; and artificial periodontium was not simulated.45 Further in vivo studies, using 
more types of CAD/CAM materials with different preparation shapes, to test the clinical 
performance of the endocrown restorations. 
 
5  /  CONCLUSIONS 
The following conclusions can be drawn from this in vitro study: 
1- RNC or LDS and ZLS endocrowns showed higher fracture resistance than conventional ceramic 
crowns supported on fiber post and composite core. 2-Under axial loading, LDS endocrowns 
showed higher fracture strength than ZLS and no statistical difference with RNC. While LDS 
endocrowns showed the highest fracture resistance under lateral loading. 3- The number of 
irreparable fracture was extremely important in all endocrowns groups (between 30 and 70% of 
samples differently loaded) and for that other studies are desirable to solve this aspect before a 
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       Table 2   Classification of the failure modes 
 
Type Failure mode Description Prognosis 
I Cohesive failure 
Fracture of the restoration 
(endocrown or conventional crown) 




II Adhesive failure 
Debonding of the restoration 




III Cohesive-adhesive failure 
Fracture of the restoration 
(endocrown or conventional crown) 





Fracture of the restoration/tooth 
complex above the (CEJ) 
Fracture of the restoration 
(endocrown or conventional crown) 
and the tooth or the composite 




Fracture of the restoration/tooth 
complex below the (CEJ) 
Fracture of the restoration 
(endocrown or conventional crown) 
and the tooth or the composite 
build-up below the CEJ, which 


































Table 3   Distribution and simple main effects of group (material and preparation) and Loading 
type on fracture strength (n = 80) 
 
  Axial Lateral Difference (A-L)  
Group  Mean SD Mean SD Mean SE F P 
C E  1347 185 788 92 560 87 41.545 <0.001** 
E E   2914 205 1516 202 1399 87 259.563 <0.001** 
E V  2279 290 1074 153 1205 87 192.832 <0.001** 
E C  2752 242 1210 97 1542 87 315.727 <0.001** 
2 Way 
ANOVA 
F 131.605 24.264     
P <0.001** <0.001**     
C E/E E  0.001** 0.001**     
C E/E V  0.001** 0.009**     
C E/E C  0.001** 0.001**     
E E/E V  0.001** 0.001**     
E E/E C  0.395 0.004**     
E V/E C  0.001** 0.733     
*Statistically significant, P < 0.05; **Statistically significant. P < 0.01 
C E = Crown made of LDS e.max CAD, E E = Endocrwon made of LDS e.max CAD, E V = 





























Table 4   Multivariate analysis showing associations between failure mode (Types I-V) and the 
predictors Loading and Group (n = 80) 




S.E. 95% CI P-value 
Failure Mode 
ǂ 
I Loading (Axial vs. Lateral) 1.41 0.9 [-0.35 ; 3.17 ] 0.118 
 Group   C E     
 E E 1.41 1.37 [-1.27 ; 4.08] 0.303 
 E V 1.75 1.3 [-0.79 ; 4.29] 0.178 
 E C 0.12 1.51 [-2.84 ; 3.07] 0.939 
      
II Loading (Axial vs. Lateral) 16.53 704.42 [-1364.11 ; 1397.19] 0.02* 
 Group   C E     
 E E 0.42 1.45 [-2.79 ; 2.88] 0.977 
 E V 1.53 1.17 [-0.77 ; 3.82] 0.193 
 E C 0.53 1.15 [-1.73; 2.79] 0.643 
      
III [Base Outcome] 
      
IV Loading (Axial vs. Lateral) 1.91 0.94 [0.05 ; 3.76] 0.044* 
 Group   C E     
 E E -0.67 1.29 [-3.19 ; 1.86] 0.605 
 E V -0.69 1.28 [-3.19 ; 1.82] 0.59 
 E C -1.27 1.25 [-3.72 ; 1.19] 0.312 
      
V Loading (Axial vs. Lateral) 1.04 0.6 [-0.14 ; 2.22] 0.083 
 Group   C E     
 E E 2.01 0.87 [0.3 ; 3.71] 0.021 
 E V 1.3 0.9 [-0.46 ; 3.06] 0.147 
 E C 0.81 0.87 [-0.88 ; 2.5] 0.35 
(Base): refers to the base outcome all other categories are compared to; *Statistically 
significant, P < 0.05. 
C E = Crown made of LDS e.max CAD, E E = Endocrwon made of LDS e.max CAD, E V = 
Endocrown made of Vita suprinity, E C = Endocrown made of Cerasmart. 
Types of failure modes. Type I: Cohesive failure; Type II: Adhesive failure; Type III: Cohesive-
adhesive failure; Type IV: Fracture of the restoration/tooth complex above the cemento-enamel 
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Figure 2.   Camera photos (a), stereomicroscope (b), and scanning electron microscope SEM (c) 
of the 5 types of failure modes. Type I: Cohesive failure; Type II: Adhesive failure; Type III: 
Cohesive-adhesive failure; Type IV: Fracture of the restoration/tooth complex above the cemento-
enamel junction (CEJ); Type V: Fracture of the restoration/tooth complex below the cemento-










         
Figure 3   Frequencies of failure modes after axial and lateral loading. Type I: Cohesive failure; 
Type II: Adhesive failure; Type III: Cohesive-adhesive failure; Type IV: Fracture of the 
restoration/tooth complex above the cemento-enamel junction (CEJ); Type V: Fracture of the 
restoration/tooth complex below the cemento-enamel junction (CEJ). 
C E A= Crown made of LDS e.max CAD tested under Axial load, C E L= Crown made of LDS 
e.max CAD tested under Lateral load, E E A = Endocrwon made of LDS e.max CAD tested under 
Axial load, E E L= Endocrwon made of LDS e.max CAD tested under Lateral load, E V A= 
Endocrown made of Vita suprinity tested under Axial load, E V L= Endocrown made of Vita 
suprinity tested under Lateral load, E C A= Endocrown made of Cerasmart tested under Axial 







































































                 
 
Figure 4   Frequencies of repairable and irreparable failure modes after axial and lateral loading. 
C E A= Crown made of LDS e.max CAD tested under Axial load, C E L= Crown made of LDS 
e.max CAD tested under Lateral load, E E A = Endocrwon made of LDS e.max CAD tested under 
Axial load, E E L= Endocrwon made of LDS e.max CAD tested under Lateral load, E V A= 
Endocrown made of Vita suprinity tested under Axial load, E V L= Endocrown made of Vita 
suprinity tested under Lateral load, E C A= Endocrown made of Cerasmart tested under Axial 
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